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Abstract 

We propose a mechanism for relaxing a constraint on the number of messengers in 
low-scale gauge mediation models. The Landau pole problem for the standard-model 
gauge coupling constants in the low-scale gauge mediation can be circumvented 
by using our mechanism. An essential ingredient is a large positive anomalous 
dimension of messenger fields given by a large Yukawa coupling in a conformal field 
theory at high energies. The positive anomalous dimension reduces the contribution 
of the messengers to the beta function of the standard-model gauge couplings. 



1 Introduction 

The low-energy-scale gauge mediation with the gravitino mass m^i2 < 0(10) eV is very 
attractive, since it does not suffer from any cosmological gravitino problem [1]. In such a 
low-scale gauge mediation, the messengers have their masses of the order 10^ — 10^ TeV. 
If the number of messengers, N^^^s, is large, the gauge coupling constants of the standard 
model (SM) easily blow up below the GUT scale, i.e. the gauge coupling constants hit 
Landau poles below the GUT scale. The requirement of the perturbative unification of 
the SM gauge coupling constants, thus, leads to a constraint on the number of messengers. 
It is known [2] that A^mcss < 5 for the messengers being 5 -|- 5* of SU{^)gvt if the masses 
of messengers are smaller than about 10^ TeV. 

The above constraint becomes more severe if one considers strongly interacting mes- 
sengers in direct [3] or semi-direct |4l |5] gauge mediation models, for instance. This is 
because the messengers receive most likely negative anomalous dimensions from the hid- 
den strong gauge interactions and hence the SM gauge couphngs run faster (see Section 

ED. 

In this paper we point out that it is not always the case if the theory is embedded into 
a conformal field theory at high energies. We show several examples where hidden sector 
interactions induce even positive large anomalous dimensions for messengers. In those 
example models one may have A'^mess > 5 without ruining the perturbative unification. 
A crucial ingredient is an introduction of a large Yukawa coupling of the messengers to 
some other hidden sector fields. 



2 Relaxing the constraint on A^j 



mess 



In this section we describe our mechanism for relaxing the constraint on the number of 
messengers. In supersymmetric (SUSY) gauge theories, the {3 function of a gauge coupling 
is exactly given by the Novikov-Shifman-Vainshtein-Zakharov (NSVZ) /3 function [B], 

where t{A) and t{i) are the Dynkin indices for the adjoint representation and the represen- 
tation of matter fields i, 7^ an anomalous dimension of matter i, and a renormalization 
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scale. Let us consider the /3 functions of the standard-model (SM) gauge couplings. From 
the P function Eq. ([1]), we can see that the effective messenger number contributing to 
the SM /3 functions is given by 

^mL= E (l-7.)tGUT«, (2) 
iSmess 

where the sum is taken over messenger fields, and ^gutI^) are the Dynkin indices for 
the GUT gauge group 5'f/(5)GUT- Here, we have assumed that the messengers form a 
complete representation of the SU{5)gvt- 

It should be noted here that the (3 function and the gauge coupling constant, in fact, 
depend on renormalization schemes. The coupling S'nsvz which satisfies Eq. ([1]) is not the 
same as the one defined in a more conventional scheme, such as the dimensional reduction 
with minimal subtraction (DRED), Qbred- They are related (up to four loops) by the 
equations presented in Ref. 0. The relation between S'nsvz and (/dred may be given 

by H 

2 2 / 2 \ 2 

^DRED _ 9nSVZ I ^ I fl'NSVZ \ fo\ 

167r2 ~ 167r2 + 1^ Wtt^ ) ' ^"^^ 
where Cioop is some loop-suppressed quantity which depends on couplings of the theory 
(including g itself). Thus, as long as the SM gauge couplings, g^^, are small enough, we 
may neglect the difference between (^nIvz and ^fDRED) even if the messengers are strongly 
coupled by hidden interactions. Thus, the description in terms of Eq. ([1]) is well appli- 
cable for our purpose, since we examine a constraint on the number of the messengers 
for maintaining the perturbative unification of the SM gauge coupling constants (i.e. 
glull^T^^ « 1). 

Now let us suppose that the messengers are charged under some hidden gauge group 
(with the gauge coupling g) and have a Yukawa interaction (with the Yukawa coupling 
A) with some hidden matters. Then, the anomalous dimension of the messengers is given 
by, at the one-loop level, 

(Here, we have neglected the contributions from the SM gauge interactions.) Then, from 
Eqs. (ED and dl]), we see that the hidden gauge interaction increases the effective messenger 
number, iV^'^gg, while the hidden Yukawa interaction decreases it. 
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In direct [3] or semi-direct [U [5] gauge mediation models and also in composite mes- 
senger models (e.g. [8]), the messenger fields are supposed to be charged under hidden 
gauge groups with strong couplings. Thus, the messenger fields have negative anoma- 
lous dimensions and the effective messenger number A^^^ess increases. Thus, the Landau 
pole problem discussed in the Introduction becomes more severe (for a more quantitative 



discussion, see Appendix A ). However, if we introduce large Yukawa interactions in the 
messenger sector, the anomalous dimensions of the messengers can become positive and 
we can decrease the effective messenger number, N^^^^. For this mechanism to be efficient, 
it is desirable that the hidden gauge theory of the messengers is embedded into a confor- 
mal field theory, because the messengers can have large positive anomalous dimensions 
over a wide range of energy scales. (Otherwise, the large Yukawa coupling hits its own 
Landau pole below the GUT scale.) 

In the rest of this section we give example models which realize the above mechanism. 
We will see that the models have direct applications to low-scale gauge mediation models 
in the next section. 

The models are based on an SU{Nc) hidden gauge group. We first introduce Nq 
pairs of messenger quarks and antiquarks, and Q", with i = 1,---,Nq and a = 
l,---,Nc- The messengers and Qf transform as fundamental and antifundamental 
representations of SU{Nc), respectively. We restrict our discussion to the case of Nq = 5, 
for simplicity, and assume that the quarks and antiquarks Qf transform as 5* and 5 
of SU{5)g\jt, respectively. We introduce a mass term uiqQ'^^Q'^ for the messengers 
and Q°^. Notice that Nq is identified with the number of the messengers, A^mess- The 
generalization to other gauge theories such as SP{Nc) or SO{Nc) is straightforward and 
hence we do not discuss it in this paper. 

Now we introduce Np pairs of quarks and antiquarks, and with p = 1, ■ ■ ■ , Np, 
and an adjoint quark chiral multiplet, with a, /3 = 1, ■ ■ ■ , Nc-, to embed the theory into 
a superconformal field theory [9] for giving the messengers positive anomalous dimensions. 
We introduce their mass terms, 

W^ass = mpP^P; + niAA'^pAi. (5) 

We assume, mp,mA > mg, for the additional quarks, P^ and P°, and the adjoint quark 



4 





Np = 2 


Np = 3 


Np=4: 


Np = 5 


Np = 6 


Nc = 5 


0.303 (3.48) 


0.156 (4.22) 


0.062 (4.69) 


X 


X 


Nc = 6 


0.452 (3.29) 


0.300 (4.20) 


0.191 (4.85) 


0.110 (5.34) 


0.048 (5.71) 


Nc = 7 


X 


0.411 (4.13) 


0.301 (4.90) 


0.214 (5.50) 


0.144 (5.99) 


Nc = 8 


X 


0.494 (4.05) 


0.388 (4.89) 


0.302 (5.58) 


0.230 (6.16) 


Nc = 9 


X 


X 


0.458 (4.88) 


0.375 (5.63) 


0.303 (6.27) 



Table 1: The anomalous dimensions 7q of messenger fields Q, Q and the effective mes- 
senger numbers A^^^ss (i^ parentheses) at the conformal fixed points. Models marked with 
X do not have a desirable fixed point. 



to decouple from the strong dynamics below the messenger mass scale. We also 
introduce a Yukawa coupling, 

W^Yukawa = V2XQ'^A''pQ^ . (6) 

The introduction of the Yukawa coupling is important for our mechanism to work, as 
explained above. 

We find that the theory has an infrared conformal fixed point for a given appropriate 



value of Nc and that of Np. We show, in [Appendix B[ the detailed determination of the 



infrared fixed points and of the anomalous dimensions of the messenger fields. We give 
the obtained anomalous dimensions 7q of the messenger fields Q and Q and the effective 
messenger numbers A^^^ss = (1 ~ 1q)^c for various sets of {Nc, Np) in Table [U We 
see that the models have the effective messenger numbers A^^^ess < ^ for many sets of 
{Nc, Np), even if the actual messenger number A^mess = Nc > 5. 

3 Applications to low-scale gauge mediation models 

In this section we discuss applications of our mechanism to various gauge mediation mod- 
els. The applications have three categories, (I) application to a direct gauge mediation, 
(II) that to a semi-direct gauge mediation and (III) that to a composite messenger model. 
We consider a representative model for each category to illustrate our mechanism dis- 
cussed in Section [2l 
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3.1 Direct gauge mediation 

Let us consider a direct gauge mediation model [IDl ttH [ISl HSj [H] in which a subgroup 
of the flavor symmetry of the Intriligator-Seiberg-Shih (ISS) model [15] is gauged by 
SU{5)gvt- The model is based on an SU{Nc) gauge theory with Np pairs of quarks 
and antiquarks Qf. Here, / and a run from / = 1 to / = Np and from a = 1 to a = Nc, 
respectively. We assume, for simplicity, that they have a common mass 

W = mQiQ^. (7) 

We have a global flavor symmetry SU{Nf)f- 

If the numbers of color and flavor satisfy the relation Nc + 1 < Np < fiVc, this theory 
has a weakly coupled dual magnetic description at low energies. The dual magnetic theory 
is described in terms of mesons $j and dual quarks (pf, (pl^. Here, a = 1, ■ ■ ■ , Nc is the 
index of a dual gauge group SU{Nc = — ^c)mag- The superpotential of this theory 
is given by 

W = hif'^^'j^i - h^?^\. (8) 

Without a loss of generality, the Yukawa coupling constant h and the dimension one 
parameter /i can be taken to be real and positive. 

At the tree level, the equation of motion of $ gives the F-term of 

- (4)/ = h^'^.^i - hi^Hj. (9) 

The right hand side of this equation cannot be zero, since the rank of the matrix ^f(pa 
is no greater than Np — Nc and the unit matrix 5j has rank Np (> Np — Nc). Thus 
some components of are nonzero and SUSY is broken. If nonperturbative effects of 

SU{Nc)mag are taken into account, however, SUSY is dynamically restored [TS]. So the 
SUSY-breaking vacua are metastable. We consider a SUSY-breaking local minimum in 
the following discussion. 

Around the SUSY-breaking local minimum of the potential, the fields (p, (p and $ can 
be expanded like 
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where p = / for 1 </< A^^ - iVc and i = / for A^i^ - A^'c + 1 </< iV^- These 
vacuum expectation values (vevs) break the global flavor symmetry SU{Nf)f down to 
SU{Np — Nq) f X SU{Nc) F- To make this model a direct gauge mediation model, we 
embed the 5'f/(5)GUT gauge group into a subgroup of SU{Nc)f or SU{Nf — Nc)f- Let 
us consider the theory above the mass scale fi for each case [10]. 

1. If S'f/(5)GUT C SU{Nc)f, in the magnetic theory, fields charged under S'f/(5)GUT 
are (a part of) 6p, 6p, 6Z, 6Z in the (anti)fundamental representation of SU{Nc)f 
and 5$ in the adjoint representation of SU{Nc)f- Then, the contribution to the 
l3 function of the SU{5)gvt gauge coupling is given by N^^f = 2{Nf — Nc) + 
Nc = 2Nf — iVc 0. (Note that the adjoint representation of SU{Nc)f decomposes 
into an adjoint representation of SU{5)gvt, Nq — 5 flavors of fundamental and 
antifundamental representations of SU{5)gvt, and some singlets.) In the electric 
theory N^l!^l = Nc- From the inequalities Nc > 5 and Nc + 1 < Nf < |A^c, we 
obtain Nt!f > 7 and AT^tl > 5. 

2. If SU (5)gut C SU {Nf—Nc)f, in the magnetic theory, fields charged under SU{5)gvt 
are (a part of) 6x, Sx, 6Z, 6Z in the (ant i) fundamental representation of SU{Nf — 
Nc)f and 6Y in the adjoint representation of SU{Nf — Nc)f- (This counting is 
applicable above the mass scale /i. Below /i, the SM gauge group is in the diagonal 
subgroup of SU{Nf — Nc)f x SU{Nc)mag-) Then, the contribution to the (3 function 
of the SU (5)gut gauge coupling is given by N^^f = {Nf - Nc) + Nc + {Nf - Nc) = 
2Nf — Nc- In the electric theory N^lll = Nc- From the inequalities Nf — Nc > 5 
and Nc + 1<Nf< ^Nc, we obtain N^^f > 20 and N^^^ > 10. 

In the case SU{5)gvt C SU{Nf — Nc)f, A^mess is too large, so we concentrate on the 
case SU{5)gvt C SU{Nc)f- In this model, SUSY breaking is mediated to the Minimal 
Supersymmetric Standard Model (MSSM) sector by the fields 6p, 6p, 6Z, 6Z- The 
superpotential becomes 

= hp{5p^5Zl + 5p\5Zt) + hpt^Ypi - hp'^l + ■ ■ ■ , (11) 

^iVfncss is not equal to the one contributing to the gaugino and sfermion soft masses. In this paper we 
are defining iVmoss only by the contribution to the gauge coupling /3 function. 
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where dots represent terms irrelevant for the gauge mediation. has a nonvanishing 
F-term, and then 5p and 5p have SUSY-breaking masses. This is the type of gauge 
mediation studied in Ref. [16]. i?-symmetry breaking is rather nontrivial in this model 
and one has to consider some modification of the theory. See [TTl [T2l [T3l [H] for details. 

Even in the case S'f/(5)GUT C SU{Nc)f, ^mess > 5 in both the electric and magnetic 
theory. In fact, the messenger number A^mess is smaller in the electric theory than in 
the magnetic theory, which was considered as a solution to the Landau pole problem in 
Ref. [17]. However, the analyses of Ref. [2] suggest that the two- loop effects from the 
MSSM sector make it difficult to maintain the perturbative GUT unification for the low- 
scale gauge mediation. Furthermore, the messenger fields are charged under the strong 
hidden gauge group SU{Nc) in the electric theory B Thus as explained in Section |2l this 
model suffers from the severe Landau pole problem when the messenger mass scale is of 
order 10^ GeV. Notice that such a small mass ~ 10^ GeV for the messenger is required in 
the modeb 0121311, =ince the MSSM gaugtao masses vanish at the leading otdet 
of the SUSY-breaking scale lf| (see also Ref. [19j). 

We now consider a modification of the model to avoid the Landau pole problem. In 
the electric theory, we add a chiral field A'^ which transforms in the adjoint representation 
of the SU (Nc) gauge group. We introduce new terms in the superpotential 

W D v^AQj^A^Qf + m^A^A^, (12) 

where i = Np — Nc + 1, ■ ■ ■ , Np. This is in fact the model considered in Section |2l 
with the identification section [2] = Ql (p = 1, ■ ■ ■ , - iVc), A^Q I section [2] = and 
^J^' I Section El = Np - Nc. We take A^^c = 5 and 2 < iVi. - iVc < 4 in the following 
discussion. 

The dynamics of the model is as follows. At high energies, we assume that the theory 
is near the conformal fixed point. Then, as discussed in Section 121 the effective messenger 
number A^^'ess is smaller than 5 (see Table [1]). Below the mass scale m^, the adjoint field 

^ In the magnetic theory, S'[/(5)gut charged fields have both the S't/(iVc)mag gauge interaction (if 
Nc > 2) and the Yukawa interaction in the superpotential ([8]). Then it is nontrivial whether the total 
effect of these interactions decreases or increases the effective messenger number. 

^There are some models in which the gaugino masses are generated at the leading order of the SUSY- 
breaking scale, by "uplifting metastable vacua" [TH], but even in such models the Landau pole problem 
may be sometimes problematic. 
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A decouples from the dynamics, and the theory exits from the conformal fixed point and 
the confinement occurs. Then at the low energies the model can be described by the 
weakly coupled magnetic theory. SUSY is broken as in the ISS model, and the direct 
gauge mediation works. 

However, the low energy theory is not completely the same as the original ISS model. 
Integration of the adjoint field A generates a superpotential 



W D 



A 



2 



2m, 



2m, 



(13) 



where A is the confinement scale of the electric theory defined by QaQ'j = A$*. When 
Nc = I Section |2] ~ ^' ^^^^ term gives mass A^A^/m^ to the traceless part of 5$, i.e. 
the part which transforms in the adjoint representation of SU{Nc)f = SU{5)gvt- The 
traceless part of 5$ does not take part in SUSY breaking and gauge mediation, but 
this field contributes to the /3 functions of the SM gauge coupling constants. So the 
"messenger number" contributing to the (3 function is A^mcss = 2{Np — Nc) below the 
mass scale A^A^/m^. Thus, if we take A''^;' — Nc = 2, the messenger number A^'^ess is 
smaller than 5 for the energy scale below A^A^/m^ in the magnetic theory. On the 
other hand, above the scale mA, the theory is electric and A^^^ess is small because of 
the mechanism of Section [2J Furthermore, A is roughly related to by the equation 
A ~ exp(— 87r^/(3A''c' — NF)gl), where is the gauge coupling constant of SU{Nc) 
at the fixed point. Then, if the fixed point is strongly coupled, which is the case in the 
present model, and A^A^/m^ are of the same order. Thus the dangerous energy scale 
between A^A^/m^ and rriA is narrow and the perturbative unification of the SM gauge 
couplings is maintained. 

3.2 Semi-direct gauge mediation 

We consider a SUSY-breaking model based on an 5'f/(5)hid gauge symmetry. It is known [20] 
that the SUSY is broken when we introduce only two matter multiplets, V" and Xai3 in 
the representations 5* and 10 of SU{5)hid, respectively. We now introduce Np pairs of 
fundamental quarks and antiquarks Q^. Here, i = 1, - ■ ■ , Np and a = 1, ■ ■ ■ , 5 and they 
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belong to (Np, 5) and (Nf, 5*) representations of the SU{Nf)f x S'f/(5)hid, respectively. 
We introduce a common bare mass term for the messengers, for simplicity, 

W = rngQ^^Q^. (14) 

We gauge a subgroup of SU{Np) by the S'f/(5)GUT gauge group |21]. This is the 
setup for the semi-direct gauge mediation in the S'f/(5)hid SUSY-breaking model 0. The 
bifundamental messenger fields Q and Q link the S'f/(5)hid hidden gauge sector and the 
MSSM sector, thus SUSY-breaking is mediated to the MSSM sector. In particular, when 

> 6, it can be shown that the theory has an infrared conformal fixed point above the 
mass scale mq. Then, after the decoupling of the messengers Q and Q, the theory exits 
from the conformal fixed point and the SUSY breaking occurs. This is a conformal gauge 
mediation model proposed in Ref. [21]. However, we only impose Np > 5 in this paper. 

In the above model, the messenger fields are charged under the strong 5'?7(5)hid gauge 
group. Thus, as discussed in Section |2l the effective messenger number A^^^ss is larger 
than 5. Thus this theory suffers from the Landau pole problem. To avoid the problem, 
we introduce a chiral field A'^ transforming in the adjoint representation of 5'f/(5)hid- We 
introduce a superpotential, 

W D y2AQL^^Qf + rriAA^pA^^, (15) 

for the mechanism explained in Section [2] to work. In fact, this model is not the same as 
the example model described in Section [21 but we can study the infrared conformal fixed 



point of this theory by using the a- maximization technique explained in [Appendix B[ The 
result is listed in Table El One can see that there is no Landau pole problem for Np = 5, 6 
and 7. 

The dynamics of the model is as follows. We take rriA > itlq. Then we assume that 
the theory is near the conformal fixed point above the mass rriA- Below the threshold of 



^ In semi-direct gauge mediation, a messenger number is not necessarily larger than or equal to 5. 
For example, in the models of Ref. [5], the messenger number is minimally 2, so there is no Landau 
pole problem. However, in semi-direct gauge mediation, sparticle masses (especially gaugino masses) are 
suppressed by hidden sector loops |211 [5] , so if one wants to build a model in which the gravitino is very 
light (< 0(10) eV), the hidden sector gauge theory should be strongly coupled. Because the gauge theory 
should be strongly coupled even when we add messenger fields, the hidden sector gauge group should 
be somehow large, as in the above 5'?7(5)hid model. Then the model may suffer from the Landau pole 
problem. 
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Nf 


7q 




7v 


Ix 


^ett 
mess 


5 


0.264 


-0.528 


-0.656 


-0.901 


3.68 


6 


0.160 


-0.320 


-0.527 


-0.731 


4.20 


7 


0.063 


-0.126 


-0.308 


-0.438 


4.69 



Table 2: The anomalous dimensions of the fields of the model. 7q is the anomalous 
dimension of Q and Q. 7a, ■Jv and jx are the anomalous dimensions of A, V and X 
respectively. The fact that the anomalous dimensions of Q and Q are the same is not 
obvious because the model is chiral, but a-maximization shows that is the case. N^^^^ is 
defined by iVf,,, = 5(1 -7q). 



A, the S'f/(5)hid gauge coupling constant becomes larger, and it blows up (when A''^;' = 5) 
or goes to another fixed point discussed above (when Np > 6). In any case, after the 
decoupling of the messenger fields Q and Q, SUSY is broken [221 ED]- 

However, the low energy theory after the decoupling of A is not the same as the original 
semi-direct gauge mediation of Ref. [21j. As in Eq. ( [T3|) of the previous subsection, the 
integration of A generates a superpotential 



W D 



2mA 



(16) 



5 

The presence of this superpotential is very interesting, since this term explicitly breaks 
R symmetry of the original semi-direct gauge mediation model, which may be useful for 
a generation of gaugino masses |23j. To see that, we examine the original superpotential 
with the adjoint field A, 

W = mQQiQt + x/2Ag^A^Qf + tuaA'^^AI (17) 

Then the mass matrix of the quarks Q, Q is given by {mgd'^ + \/2\A'^)5j. Integrating the 
quarks, we obtain the following gauge kinetic term for the SM subgroup of SU{5)gvt- 

- J rf2^^1ogdet[(mQ5| + y2AA°)//.]W|M 

/^'^d^{-i°g(^«/'")' + ;^^^^' + --]^sM, (18) 

where Wsm is the SM gauge field strength normalized to have a kinetic term / c?^6'(l/4(7gj^)>V|^ 
Then we obtain the mass term for A, 
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Integrating out A, we finally obtain a holomorphic interaction term, 



d'oli-^y^^l^Mu- (20) 

At tree level, this term generates the gaugino masses of order 

j./r 5 / JThid \ / dim \ -^^-Phid /Q-ix 

^~'^2\iM-)\-m^-)^^Q' ^^^^ 

where Dhid is the D-term of 5'f/(5)hid normalized as Whij = fi'hid-^hid^^ + ' " the 
vacuum energy is given hy V = Because the original S'f/(5)hid niodel with 

¥"{5*) + Xai3{10) has no superpotential, it seems plausible that the D-term is respon- 
sible for the SUSY breaking, although the strong dynamics make it difficult to prove it. 
Then we have Dhid 7^ 0, and thus nonzero gaugino masses are obtained. Note that the 
gaugino masses may be generated even without the explicit R breaking term in Eq. f fT6|) . 
since R symmetry is believed to be spontaneously broken in the S'f/(5)hid niodel [20]. But 
without the explicit breaking, there are no holomorphic terms like Eq. fl20p and hence the 
mechanism for the gaugino mass generation is not clear. 

On the other hand, the term in Eq. (fT6|) generates SUSY preserving vacua at {QQ^ ~ 
TTLAmQ/ \^ , and hence the SUSY-breaking vacuum at the origin {QQ^ = becomes 
metastable. However, the SUSY-breaking vacuum decays only through vacuum tunnel- 
ing, since the original semi-direct gauge mediation of Ref. [21] has no flat direction. In 
the decoupling limit — )■ oo with the low energy physics of Ref. [2T] fixed [f| , the SUSY- 
preserving vacua go to infinity, and the vacuum tunneling rate from the SUSY breaking 
vacuum to the SUSY preserving vacua should become negligible. It is expected that the 
vacuum tunneling rate F may be of the form, 

r oc e"^, (22) 
S - c(^)\ (23) 

where c and a are some dimensionless positive constants of 0{1). We have assumed 
that the dynamical scale of the model is comparable to mg. Because of the exponential 



^ In the cases Np > 6, the low energy physics, including the dynamical scale of the theory, is determined 
only by mg in the limit — >■ oo. On the other hand, if Np — 5, the dynamical scale is sensitive also 
to TTiA , and the limit — > oo must be accompanied with the limit g^id ^ which makes the theory off 
the conformal fixed point at high energies. 
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factor, r is expected to become negligible quickly as we make uia large. If a so-called 
thin-wall approximation |23] is applicable (which may be justified by the nonexistence of 
flat directions), we get 

S^-'^% (24) 

where e is the difference of vacuum energy between the metastable and true vacuum, 
e ~ tjiq, and Si is given by 

^1 ~ I dQpV{Q) 

~ m^m|, (25) 

where V{Q) is the potential of Q,Q. This result gives a = 4 in Eq. fl2^ . If F ~ 
(10^ GeV)*^ X e~'^, we require 5*^400 for the lifetime of the vacuum to be sufficiently 
long, i.e. r ^ Hq where Hq ~ 10^^^ GeV is the present value of the Hubble constant. 
Eq. ([23]) leads to 5 > 400 for mA/mg > 5 if c ~ 1, but notice that the factor 277rV2 ~ 133 
in Eq. (12^ may make c much larger than 1, and a smaller ratio of irtA/mQ may be allowed. 

3.3 Composite messenger model 

We consider a strong S'f/(5)hid gauge theory with 5 pairs of fundamental quarks Q\ and 
antiquarks Q". Here, i and a run from 1 to 5 and they belong to (5*, 5) and (5,5*) 
representations of the S'?7(5)gut x 'S't/(5)hid, respectively. Those 5 pairs of quarks play a 
role of messengers. We take a superpotential for the messengers, 

W = hXQl^Q'^, (26) 

where X = M+FO'^ is a SUSY-breaking spurion field. This model is the so-called minimal 
gauge mediation [3] , aside from the fact that the messengers are charged under the strong 
gauge group 5'f/(5)hid- 

The reason why we introduce the SU (5)hid gauge interaction is to confine the messenger 
quarks and antiquarks, Q and Q, forming composite fields. One of the composite states 
can be a candidate for the dark matter of the Universe [8]. In fact we have, at low energies, 
mesons 

M] = QLQ" , (27) 
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and baryons 



B = detQ, B = detQ, 



(28) 



with the constraint 



det M -BB = Ai°, 



(29) 



where A is the dynamical scale of S'f/(5)hid- The baryon B and antibaryon B are long- 
lived, since we have an approximate baryon number conservation [S]. Then, they can be 
a candidate for the dark matter. 

Above the energy scale A, the messenger number is 5, but because the messengers are 
charged under the strong gauge group, the effective messenger number N^^^^ is larger than 
5 as explained in Section [2l Below the energy scale A, the traceless part of Mj transforms 
in the adjoint representation of SU{5)gut, so the messenger number (in the definition of 
this paper) is also 5. Thus this model suffers from the Landau pole problem. 

For the mechanism of Section [2] to work, we introduce additional Np pairs of quarks 
and Pp in the representation 5 and 5* of 5't/(5)hid5 respectively. Here p is the flavor 
index, p = 1, ■ ■ ■ , Np. We further introduce an adjoint field A'^ of SU{5)hid, and introduce 
a superpotential 



for the additional fields, as in Section |2j Then the messenger model becomes the same 
as the model in Section [2l The effective messenger number above the mass mp and 
is given in Table [T] with Nq equal to 5. We see that the Landau pole problem can be 
avoided by taking mp and appropriately small. 

The dynamics of the model is as follows. We assume that mp and m^ are of the 
same order, mp ^ mA, for simplicity, and the theory is near the conformal fixed point 
above the threshold of those fields. After the decoupling of P, P and A, the S'f/(5)hid 
gauge coupling becomes strong and the gauge theory confines the color degrees of freedom, 
making composite fields described above. 

However, we have to take care of the following point. When the theory is on the 
conformal fixed point, the Yukawa coupling in Eq. ( |26|) becomes smaller as we lower the 



w D v^Ag^A^gf + mpP^p;: + m^A^^Ai, 



(30) 
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renormalization scale. Suppose that the theory is on the conformal fixed point from the 
energy scale M^, down to m^, (~ ~ mp). Then, neglecting all effects other than the 
fixed point dynamics, the Yukawa coupling h at the scale m^, is 

We show that the requirement ^3/2 < 16 eV |T] leads to a constraint on the number 
of the additional quarks P and P, Np. For the messenger quarks not to be tachyonic, 
the SUSY-breaking scale F must satisfy h^F < {h^,My. Then, the gaugino mass is 
constrained as[^ 

a h^,F a 



where a is the SM gauge coupling fine structure constant corresponding to the gaugino g, 
and n a "messenger number" contributing to the gaugino masses (in the present model, 
n = 5). Then, the gravitino mass is constrained as 

where Mpi ~ 2.4 x 10^^ GeV is the reduced Planck mass. Note the dependence I//1* of 
this lower bound. Thus, to achieve the light gravitino mass, h^, should not be too small, 
and thus 7q should not be too large. In particular, the model with Np = 2 may not be 
favored, although the effective messenger number A''^^^^ is the smallest in this case. 
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^The messenger fields are strongly coupled in the present model, but here we pretend as if they can 
be treated as weakly coupled fundamental quarks, for simplicity. In fact, it is known that the gaugino 
masses are not so affected by strong interactions, due to the gaugino screening mechanism [25] , 
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Appendix A Effective messenger number in asymp- 
totically free gauge theories 



In this appendix we study how strong gauge interactions make the Landau pole problem 
of the SM gauge couplings severe. Suppose that messenger fields transform under the 
representation r + f of some strong gauge group G. At the one-loop level, the gauge 
coupling g of the gauge group G is given by 

^ = ^ + 61ogWM„), (A.1) 

where b is the coefficient of the one-loop (3 function, and go is the gauge coupling at the 
scale Mq. We define t = log(///Mo) and g'^(//)/87r^ = hgdi) for simphcity. Then the above 
equation is rewritten as 

Mt) = {h-,' + bt)-\ (A.2) 

The anomalous dimension of the messenger fields is, at the one-loop level, given by 

7(t) = -2C2{r)h,(t) = -2C,(r)(h;,' + bt)-\ (A.3) 

where G2{r) is the quardratic Casimir of the representation r. 

We define the averaged value of the anomalous dimension between // = Mq and /i — Mi 

as 

^1 Jo ti 

where ti — log(Mi/Mo). Then the averaged effective messenger number is 

N'Zss = (1 - 7)A^mess, (A.5) 

where iVmess is "the tree level value" of the messenger number. 

For example, consider the case that the hidden gauge group is G = S'f/(5)hid5 the 
matter representation under 5'[/(5)hid is r = 5, the (3 function coefficient b = 3x5—5 = 10, 
Mo = Miness ~ lO'^ GeV, and Mi = Mqut ~ 10^^ GcV. If we further assume that the 
coupling is very strong at Mq, e.g. — Mq) ~ —1, we obtain 

7^-0.080, iV^'I,, = (1-7)5 ^5.40. (A.6) 
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The SM gauge couplings receive a contribution iV^gg log(MGUT/^mess) from the messen- 
ger fields. Defining M^g by the equation 

N^,,, log(MGUT/Mn,ess) = Nraess \og{MGXJT / M^^J , (A.7) 

we obtain 



-** mess 2 



6. (A.8) 



We see that the lower bound on the messenger mass scale becomes higher by this factor 
due to strong gauge interactions. 

Appendix B Details on conformal fixed point 

In this appendix, we describe how to find a conformal fixed point and compute anomalous 
dimensions of matter fields, taking the model of Section [2] as an example. We do not 
restrict the number of fiavors of Q, Nq, equal to 5 in this appendix. 

Let us first discuss the existence of the infrared fixed point in the model in Section [2j 
For a time being we consider only the theory where the perturbative calculation for 
the P function is reliable. At the perturbative level, one can discuss the existence of a 
conformal fixed point by explicitly considering the renormalization group equations, as 
was first done in Ref. [26]. The NSVZ /3 function of the gauge coupling g and the /3 
function of the Yukawa coupling A of the model in Section [2] are given by 

o d 2 / 3Nc - (1 - 1a)Nc - (1 - -fQ)NQ - (1 - -fp)Np 

= ^dH^ = "8^ 1 - NcgySn- ' ^^'^^ 

/3a = fi^X' = {iA + 2^Q)X\ (B.2) 

where we have taken A to be real without a loss of generality, and 7a, 7q and ■jp are the 
anomalous dimensions of A, Q, and P, respectively. At the one-loop level, they are given 
by0 

NqX' - 2Ncg' Nl,-lX'-g' g' 



""See e.g. Section 5.5 of Ref. [57^. Note that our convention for the anomalous dimension is larger than 
that used in Ref. [S^ by a factor of 2. 
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By taking a large limit, Nc, Nq, Np > 1 with Nq/Nc ~ 0{1), Np/Nc ~ 0{1) and 
n = 3Nc — Nc — Nq — Np ~ 0{1), one can find a solution to the equations (3g = 0, (3x = 
with the couplings g and A being very small (Banks-Zaks-like fixed point). The result is 

4n ^ Nq + 2Nc X' 

87r2 {2Nc - Nq^ + Np{2Nc + Nq)' Stt^ ANc Stt^' ^ ' 

and 

{2Nc - NqY + iVp(2iVc; + Nq) ' (2iVc - Nq)'' + iVp(2iVc + ATq) ' ^ ' > 

with 7a = — 27q. It is also easy to check that the fixed point is infrared stable. We see 
that the coupling constants (or more precisely, 't Hooft couplings) of the theory are small 
in the above limit, and hence we can trust perturbative calculation. Thus we consider 
that the existence of an infrared conformal fixed point in the above limit is established, 
and the fixed point values of the anomalous dimensions are given by Eq. ( IB. 51) . 

However, we are interested in the case where the coupling is strong, so that the anoma- 
lous dimension 7q is quite large and any perturbative calculation is not reliable at all. A 
very astonishing fact of supersymmetric conformal field theory is that anomalous dimen- 
sions of fundamental fields can be determined exactly, even in strongly coupled theories. 
The general method is called a-maximization [28]. In A/" = 1 super conformal field theories, 
there is an R symmetry which appears in super conformal algebra (which is an extension 
of ordinary supersymmetry algebra). In some theories there may be a unique anomaly 
free R symmetry, and if the theories are in the conformal window [9], the R symmetry 
must be the one which appears in the superconformal algebra. However, in general there 
is a family of anomaly free R symmetries (as in the model of Section |2l see below), and 
we cannot determine from symmetry argument alone which R symmetry is the supercon- 
formal one ^. According to Ref. [2S], the superconformal R symmetry is the one which 
locally maximizes the following combination of t' Hooft anomalies, 

$:[3(i?,-l)3-(i?,-l)], (B.6) 

i 

where the sum is taken over fermions of a theory and -Rj — 1 is the R charge of the 
fermion in chiral field i. This condition determines the R charge Ri of the chiral field i. 



®In this paper we do not consider the case where the superconformal R symmetry is an accidental 
symmetry of a low energy theory. 
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A 


Q, Q 


p, p 


R 


-2x 


l + x 


1 + Np'{2Nc-Nq)x 



Table 3: R charges of the fields, a; is a parameter that parametrizes the ambiguity of the 
definition of R symmetry. 



Furthermore, the scaling dimension Di and the anomalous dimension 7, of chiral field i is 
related to the R charge Ri by the equation 

1 + I = A = lR^. (B.7) 

The first equality in Eq. (IB.7P is almost the definition of the anomalous dimension in 
conformal field theory. For the second equality, see e.g. |29j. From Eq. (lB.7p . we can 
determine the anomalous dimension 7^ from the R charge Ri. 

Let us apply the above method to the model of Section |2J We, here, neglect all masses 
for the fields, and assume that the model is in the conformal window [9] for certain values 
of Nc, Nq and Np. The R charges of the fields are shown in Table [31 We have imposed 
that Q and Q {P and P) have the same R charge. Even then, the R charges of the fields 
are not uniquely determined. We have parametrized the ambiguity of R charges by x. 
Then, we define the following function of x: 

a{x) = ^[3(i?,-l)3-(i?,-l)] 

i 

= {Nl - l)[3(-2a; - 1)^ - (-2x - 1)] + 2NcNq[?,x^ - x] 

+2NcNp[?,{Np\2Nc - NQ)xf - {Np\2Nc - Nq)x)]. (B.8) 

Then, the condition for the local maximization of a{x) is given by 

^.0, ^<0. (B.9) 

OX ax^ 

Solving these equations is quite straightforward. Using the solution for x, the anomalous 
dimension of, e.g., Q is given by 7q = 3-Rq — 2 = 3x + 1. The value of 7q is listed in 
Table [H 

As a check, we list the one- loop value of 7q obtained in Eq. (IB. 51) in Table HI Note that 
the agreement between Tables [T] and H] is quite good, and becomes better as the couphng 
becomes weaker as expected. 
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Np = 2 


Np = 3 


Np=4: 


Np = 5 


Np = 6 


Nc = 5 


0.273 


0.143 


0.059 


X 


X 


Nc = Q 


0.422 


0.280 


0.179 


0.104 


0.046 


Nc = 7 


X 


0.391 


0.287 


0.205 


0.138 


Nc = 8 


X 


0.478 


0.376 


0.292 


0.223 


Nc = 9 


X 


X 


0.448 


0.366 


0.296 



Table 4: The values of 7q obtained in Eq. (IB. 51) by perturbative calculation. This table 
should be compared with Table [H where the exact value of jq is listed. Nq is taken to 



For what values of {Nc, Nq, Np) the model has a conformal fixed point is a rather non- 
trivial question. In conformal field theory, it is known that all gauge invariant operators 
of a theory have scaling dimensions greater than or equal to 1 [30]. As a criterion of the 
existence of a conformal fixed point, we require that all gauge invariant chiral (primary) 
operators have scaling dimensions greater than or equal to 1. Such a criterion was first 
used in Ref. [9] to show the presence of a conformal window in SUSY QCD. Especially, 
in the case of the present models, we have imposed that the scaling dimensions of gauge 
invariant chiral operators tiA^ and P'^Pb satisfy the conditions 

ArA2 = 2(^1 + ^) > 1, (B.IO) 

Dpp = 2(l + ^)>l. (B.ll) 

In this paper we have assumed that if Eqs. (1B.10IIB.11I) are satisfied, and if the theory is 
asymptotic free at the one-loop level, the model has a conformal fixed point [9l [31] . We 
see that the models in Table [1] without x indeed satisfy those conditions. 
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